Metazoan organisms are subject to invasion by a wide range of microbial pathogens and have, as a result, evolved a range of defensive measures. While scientific attention historically has focused on adaptive immune responses, such as antibodies and cytotoxic T cells, it has of late become increasingly apparent that innate immunity also plays a key role in shielding animals from infection (62). Unlike adaptive immunity, innate immunity acts immediately and thus can prevent an infection from getting started. Innate immunity may be particularly effective at shielding animals from infection by opportunistic or zoonotic pathogens. However, because innate immune responses are largely invariant, microorganisms that are common pathogens of a given animal species will frequently have evolved mechanisms that confer resistance to relevant innate immune responses in that species. Indeed, comparative analyses of a host innate immune response and the microbial countermeasures to that response can provide key insights into the biological mechanisms underlying these antagonistic processes.
Metazoan organisms are subject to invasion by a wide range of microbial pathogens and have, as a result, evolved a range of defensive measures. While scientific attention historically has focused on adaptive immune responses, such as antibodies and cytotoxic T cells, it has of late become increasingly apparent that innate immunity also plays a key role in shielding animals from infection (62) . Unlike adaptive immunity, innate immunity acts immediately and thus can prevent an infection from getting started. Innate immunity may be particularly effective at shielding animals from infection by opportunistic or zoonotic pathogens. However, because innate immune responses are largely invariant, microorganisms that are common pathogens of a given animal species will frequently have evolved mechanisms that confer resistance to relevant innate immune responses in that species. Indeed, comparative analyses of a host innate immune response and the microbial countermeasures to that response can provide key insights into the biological mechanisms underlying these antagonistic processes.
A wide range of innate immune responses have been identified; many of these rely on the recognition of a "pathogenassociated molecular pattern" (PAMP) that is characteristic of a given type of pathogen (62) . In this paper, I will review our current understanding of one protein family, the apolipoprotein B mRNA editing enzyme catalytic polypeptide 3 (APO BEC3) proteins, which can confer innate immunity to a wide range of exogenous retroviruses. Moreover, individual APO BEC3 family members can also block the replication of hepatitis B virus, a distant relative of retroviruses, and inhibit the replication of retrotransposons, endogenous transposable elements related to retroviruses that can disrupt the integrity of host cell genomes.
APOBEC3 PROTEIN FAMILY
The genomes of humans and other primates encode at least five, and possibly up to seven, APOBEC3 proteins, all of which are encoded by a single gene cluster on chromosome 22 (20) . This gene cluster appears to be unique to primates, as the genomes of several other mammalian species, such as mice, cats, and cows, encode only a single APOBEC3 protein (31, 36) . The fact that the single APOBEC3 gene found in these other vertebrates is at the syntenic chromosomal location relative to the primate APOBEC3 gene cluster (66) indicates that the primate APOBEC3 gene family appeared relatively recently in vertebrate evolution due to gene duplication. This finding, together with the observation that the rate of nonsynonymous nucleotide substitutions has been significantly higher than the rate of synonymous substitutions during the evolution of several members of the APOBEC3 gene family, suggests that primate APOBEC3 genes have been under significant selective pressure (47a, 75) . As discussed below, it seems possible that the evolutionary pressure for amplification and diversification of the primate APOBEC3 genes arose from the appearance of viral mechanisms that are able to neutralize the APOBEC3-mediated inhibition of retroviral replication.
The APOBEC3 protein family was so named because all APOBEC3 proteins display significant homology to APO BEC1 and to two other human gene products, APOBEC2 and activation-induced deaminase (AID) (20) . APOBEC1, the founding member of this extended protein family, edits a single C residue to U on the mRNA encoding apolipoprotein B (ApoB), thereby introducing a premature stop codon and inducing production of a truncated form of ApoB that has a different biological function (66) . While the role of APOBEC2 remains unclear, AID functions in activated B cells, where it randomly edits dC residues to dU in the immunoglobulin gene locus (5, 68) . This causes immunoglobulin gene diversification, which is followed by selection for gene variants that express antibodies with particularly high affinity for their target antigen. Importantly, while APOBEC1 edits an mRNA molecule, AID edits the single-stranded DNA that arises during the melting of a DNA duplex during active transcription (68) . Nevertheless, APOBEC1 and AID, as well as APOBEC2, share a conserved cytidine deaminase active site (CDA), with the consensus sequence His-X-Glu-X 23-28 -Pro-Cys-X 2-4 -Cys, which is also conserved in all members of the APOBEC3 protein family (20, 66) . A single copy of this active site is found in the 199-amino acid (aa) human APOBEC3A (hA3A) and 190-aa APOBEC3C (hA3C) gene products, while two active sites are found in human APOBEC3B (hA3B, 382 aa), APOBEC3F (hA3F, 373 aa), and APOBEC3G (hA3G, 384 aa). Presumably, the APOBEC3 family members that contain two CDAs arose due to the tandem duplication of an ancestral gene that contained a single CDA. The other two APOBEC3 family members, APOBEC3D and APOBEC3E, do not ap-pear to give rise to any protein product, although APOBEC3D does contain a predicted open reading frame (20) . In general, the human APOBEC3 proteins show ϳ50% sequence homology to each other at the amino acid level. Consistent with the presence of one or two consensus CDAs in each APOBEC3 family member, four of the related gene products, i.e., hA3B, hA3C, hA3F, and hA3G, have now been shown to function as cytidine deaminases (see below).
HUMAN IMMUNODEFICIENCY VIRUS AND THE APOBEC3 PROTEINS
The initial characterization and sequencing of the human APOBEC3 gene family led to the proposal that these genes encoded a novel set of orphan cytidine deaminases, based on their similarity to APOBEC1 and AID (20) . However, the subsequent observation that APOBEC3 proteins can function as innate inhibitors of retroviral replication came from unrelated studies focused on the pathogenic lentivirus human immunodeficiency virus type 1 (HIV-1) and, more specifically, on the role and mechanism of action of the HIV-1 virion infectivity factor (Vif) gene product, an ϳ192-aa cytoplasmic protein.
Mutants of HIV-1 lacking a functional vif gene fail to replicate in primary CD4 ϩ T cells or macrophages and are also unable to replicate in a subset of CD4 ϩ T-leukemia cell lines, such as CEM (16, 56) . These cells types are referred to as "nonpermissive." In contrast, a small number of "permissive" T-cell lines replicate Vif-deficient and wild-type HIV-1 with equal efficiency. One such permissive T-cell line, termed CEM-SS, is a subclone of the nonpermissive cell line CEM.
By fusing nonpermissive and permissive cells to form heterokaryons, it was demonstrated that the nonpermissive phenotype is dominant, thus suggesting that nonpermissive cells express an inhibitor that selectively blocks the replication of Vif-deficient HIV-1 (33, 55) . Based on this insight, Sheehy et al. (53) used a cDNA subtraction strategy to identify mRNAs expressed in CEM that are absent in the closely related permissive CEM-SS subclone. One of these CEM-derived cDNAs, encoding hA3G, was found to be sufficient to confer the nonpermissive phenotype when expressed in CEM-SS cells. Moreover, Northern analysis demonstrated that hA3G mRNA was expressed at readily detectable levels in nonpermissive primary cells or cell lines but at low or undetectable levels in permissive cells.
Previous work looking at the properties of Vif-deficient HIV-1 grown in nonpermissive cells had demonstrated that Vif-deficient and wild-type HIV-1 infected these cells with equal efficiency and gave rise to the same level of apparently normal progeny viral particles. However, the mutant virions were then unable to induce productive infections when added to either permissive or nonpermissive CD4 ϩ cells (16, 56, 65) . Similarly, artificial expression of hA3G in HIV-1 producer cells was found to render Vif-deficient progeny virions defective yet did not affect virus production (53) . It is now known that hA3G is selectively incorporated into Vif-deficient HIV-1 virions during their morphogenesis in producer cells (Fig. 1) . Upon infection of a subsequent susceptible cell, hA3G remains associated with the reverse transcription complex during virion uncoating and then edits dC residues to dU on the nascent proviral minus strand during the first step of reverse transcription (18, 34, 70, 74) . Thus, hA3G is similar to AID in that it edits single-stranded DNA, not RNA. Editing by hA3G occurs in a graded frequency across the HIV-1 genome, with more extensive editing occurring in regions of the genome that are reverse transcribed first (70) .
Editing of the HIV-1 DNA minus strand by hA3G can be remarkably efficient, with up to 20% of all minus-strand dC residues being deaminated to dU. This extensive editing can have two possible effects on the HIV-1 provirus. One possibility is that reverse transcription proceeds normally except that the introduced dU residues template incorporation of A residues into the proviral plus strand, thus resulting in G-to-A hypermutation of the HIV-1 provirus ( Fig. 1) (18, 34, 70, 74) . While the resultant provirus can then be integrated normally into the target cell genome, this hypermutation renders the provirus defective. Alternatively, editing mediated by hA3G may destabilize HIV-1 reverse transcripts, leading to their degradation ( Fig. 1) (56, 65) . This phenomenon remains poorly understood, although it has been suggested that it might result from the action of cellular DNA repair enzymes, such as the uracil DNA glycosylase UNG (50) .
The ability of hA3G to inhibit Vif-deficient HIV-1 replication prompted investigators to ask whether other members of the human APOBEC protein family could exhibit the same phenotype. In fact, none of the human cytidine deaminases outside the APOBEC3 subfamily, i.e., APOBEC1, APOBEC2, and AID, affect HIV-1 replication (3, 67, 76) . Although hA3A was found to be inactive against HIV-1, hA3F proved to be almost as potent an inhibitor of Vif-deficient HIV-1 as hA3G (3, 27, 45, 67, 76) . While hA3G and hA3F both reduce the infectivity of Vif-deficient HIV-1 virions 10-to Ͼ20-fold, hA3B was found to inhibit Vif-deficient HIV-1 infectivity 5-to 10-fold, while hA3C inhibited Vif-deficient HIV-1 only ϳ2-fold (3, 11, 26, 45) .
Analyses of HIV-1 proviruses produced from virions generated in the presence of the inhibitory APOBEC3 proteins revealed an interesting phenomenon. While proviruses generated from virions produced in the presence of hA3G were almost invariably edited at dC residues found in the sequence context CC‫ء‬ (where the asterisk indicates the edited dC residue), proviruses produced from virions generated in the presence of hA3F or hA3B were edited at dC residues in the sequence context TC‫ء‬ (3, 11, 18, 27, 67) . Finally, hA3C induced editing at dC residues located 3Ј to either dC or dT, although only inefficiently (26) . Interestingly, in the case of the APOBEC3 proteins containing two CDAs, the carboxy-terminal CDA determines the sequence preference of the protein, i.e., a chimeric protein that contains the amino-terminal CDA from hA3G and the carboxy-terminal CDA from hA3F preferentially edits the sequence TC‫ء‬ (17) . As discussed in more detail below, these sequence preferences have implications for the question of whether APOBEC3 proteins indeed edit HIV-1 in infected patients.
While the above studies were performed largely by using Vif-deficient HIV-1 mutants, research using wild-type HIV-1 showed that Vif expression made HIV-1 resistant to inhibition by not only hA3G but also hA3F and hA3C (3, 26, 67, 76) . In contrast, wild-type HIV-1 was as sensitive as Vif-deficient HIV-1 to inhibition by hA3B (3, 11, 69) . Analyses of the human tissue expression pattern of several APOBEC3 genes have revealed that hA3B mRNA is expressed at very low levels in human cells that are targets for HIV-1 infection in vivo (3, 11) , such as peripheral blood mononuclear cells (but see reference 69 for a contrary position). In contrast, hA3G and hA3F mRNA was readily detectable in primary lymphoid cells and, indeed, in almost all human tissues examined (3, 27, 67 ). It appears possible that HIV-1 Vif has evolved to block the inhibitory activity of the two APOBEC3 proteins, i.e., hA3G and hA3F, that are expressed in the CD4 ϩ cells that HIV-1 normally infects in vivo. In contrast, Vif has apparently not been selected for the ability to block the inhibitory action of hA3B, a human APOBEC3 protein that it would not normally encounter in vivo.
MECHANISM OF ACTION OF HIV-1 VIF
Comparative analysis of HIV-1 virions produced in hA3G-expressing cells revealed that hA3G is incorporated specifically into virions produced in the absence of Vif ( Fig. 1 ). In contrast, hA3G virion incorporation is undetectable, or at least strongly inhibited, in the presence of Vif (8, 22, 37, 54, 59) . The level of hA3G expressed in virion producer cells was also greatly reduced in the presence of Vif, thus suggesting that Vif compromises the stability of hA3G. Indeed, pulse-chase experiments revealed that the half-life of hA3G is greatly reduced in the presence of HIV-1 Vif. Moreover, this destabilization could be rescued by treatment of cells with proteasome inhibitors, thus implying that Vif was targeting hA3G for ubiquitination followed by proteasomal degradation (30, 37, 39, 54, 59) . In fact, Vif was found to induce the polyubiquitination of hA3G when both proteins were coexpressed in the presence of a proteasome inhibitor (Fig. 1) .
Subsequent analyses revealed that Vif interacts with hA3G in coexpressing cells and recruits hA3G to an E3 ubiquitin ligase complex consisting of the cellular proteins Cullin5, ElonginB, and ElonginC (71) . The latter interaction is mediated by a highly conserved sequence motif in Vif, termed a suppressor of cytokine signaling (SOCS) box, which binds to ElonginC (38, 72) . Mutation of the Vif SOCS box was found to block recruitment of the E3 ubiquitin ligase and to relieve the inhibition of hA3G function by HIV-1 Vif. The mechanism employed by Vif to destabilize hA3G is similar to the mechanisms of action of cellular proteins, termed "F-box" proteins, which act as a specific bridge between an E3 ubiquitin ligase complex and a protein targeted for ubiquitination and proteasomal degradation.
While HIV-1 Vif can also reduce the virion incorporation, and cellular expression level, of hA3F in coexpressing cells (29) , Vif has no effect on hA3B incorporation into progeny virion particles or on hA3B stability (11) . These disparate effects are explained by the observation that HIV-1 Vif interacts specifically with hA3F in coexpressing cells and promotes the degradation of hA3F via the ubiquitin-proteasomal pathway yet fails to detectably interact with hA3B (11, 29, 67) .
OTHER EXOGENOUS VIRUSES AND THE APOBEC3 PROTEINS
HIV-1 entered the human population within the last century, so the ability of members of the human APOBEC3 protein family to inhibit the replication of HIV-1 is presumably not the driving force behind the evolution of these antiretroviral factors. In fact, humans are not naturally subject to infection by many retroviruses, as the only known exogenous human retroviruses are HIV-1 and HIV-2, which are zoonoses that crossed into the human population only recently, and human T-cell leukemia virus type I (HTLV-I) and HTLV-II, which are certainly human retroviruses but are also rare and geographically restricted. Of course, it could be argued that the relative paucity of exogenous retroviruses in the human population is a priori evidence that the APOBEC3 proteins are doing their job effectively. However, the fact that the human genome contains over 230,000 endogenous retroviruses (23) suggests that infection of our primate ancestors by exogenous retrovirus families that are now generally extinct could have been a source of selective pressure that favored the evolution and amplification of the primate APOBEC3 gene cluster.
These considerations raise two questions: first, whether human APOBEC3 proteins can inhibit the replication of nonhuman, potentially zoonotic retroviruses, and second, whether APOBEC3 proteins encoded by other species, in particular nonhuman primates and mice, can inhibit the replication of HIV-1 and/or of retroviruses that are commonly found in these nonhuman species.
Human immunodeficiency virus type 2. While limited compared to the work performed with HIV-1, research using HIV-2 has shown that HIV-2 Vif, like HIV-1 Vif, can block the incorporation of hA3G and hA3F into HIV-1 virion particles and reduce the expression of both hA3G and hA3F in virion producer cells (67) . Like HIV-1 Vif, HIV-2 Vif has no effect on the incorporation of hA3B into HIV-1 virion particles or on the intracellular level of hA3B expression (11) . Therefore, it appears that HIV-2 Vif is functionally similar to HIV-1 Vif. Surprisingly, however, it has also been reported that an HIV-2 proviral clone lacking a functional vif gene can replicate effectively in a human T-cell line, termed H9, that expresses hA3G mRNA and that is nonpermissive for Vif-deficient HIV-1 (44) . In contrast, primary CD4
ϩ T-cells were found to be nonper-missive for both Vif-deficient proviral clones. These data suggest that HIV-2 may be somewhat resistant to inhibition by low levels of hA3G, even in the absence of a functional Vif protein.
Simian immunodeficiency viruses.
Nonhuman primates also encode a cluster of APOBEC3 genes, and research so far has focused on APOBEC3G variants derived from African green monkeys (agmA3G), rhesus macaques (macA3G), and chimpanzees (cpzA3G). The only simian immunodeficiency viruses (SIVs) that have been investigated so far are SIVs isolated from chimpanzees (SIVcpz) and African green monkeys (SIVagm) as well as an SIV recovered from a captive rhesus macaque (SIVmac) that actually represents a transmission in captivity of an SIV from a sooty mangabey (SIVsm). As HIV-2 is a zoonosis that arose from transmission of SIVsm to humans, one might predict that SIVmac would be similar in phenotype to HIV-2.
A summary of data generated using these reagents (4, 16a, 35, 36, 49 ) is shown in Table 1 . Several important points emerge from these data. First, Vif-deficient HIV-1 is sensitive to all of the primate APOBEC3G proteins analyzed. Second, the HIV-1 and SIV Vif proteins all confer resistance to the APOBEC3G protein expressed by their cognate species. Third, wild-type HIV-1 is sensitive to both agmA3G and macA3G, thus implying that these primates should be nonpermissive for HIV-1. This is indeed observed, although whether APOBEC3 proteins play a role in this phenomenon remains to be established. Finally, it is interesting that the Vif protein from SIVmac is able to overcome all the APOBEC3 proteins analyzed, including hA3G, while SIVagm Vif acts only on the two monkey APOBEC3 proteins. Based on this finding, one would predict that human APOBEC3 proteins would prevent zoonotic infections by SIVagm but not by SIVmac or, more to the point, its close relative SIVsm. Indeed, while SIVagm has not crossed over into the human population, SIVsm has done so repeatedly to give rise to the various HIV-2 isolates. While this correlation is compelling, it should be noted that there are other determinants of lentiviral species tropism that may be as important, or more important, in determining which SIV variants have the potential to become zoonosis. Nevertheless, it seems likely that the inability of SIVagm Vif to neutralize the innate resistance to retroviral infection provided by hA3G would tend to make humans nonpermissive for SIVagm. Of note, a recent analysis of the biological activity of the vif gene products encoded by a wide range of SIVs (16a) showed that the Vif proteins encoded by SIVcpz and SIVsm are unique among SIV Vif proteins in being able to rescue the replication of a Vif-deficient HIV-1 virus in the nonpermissive human T-cell line H9. In contrast, Vif proteins derived from SIVs isolated from red-capped mangabeys, Sykes monkeys, mandrills, L'Hoest's monkeys, sun-tailed monkeys, and DeBrazza's monkeys shared the inability of SIVagm Vif to rescue the infectivity of Vif-deficient HIV-1 virions released by nonpermissive H9 cells (16a) . Strikingly, all these SIVs also share with SIVagm the fact that they have never been detected in humans.
As hA3G and agmA3G are 77% identical at the amino acid level, it is of interest to ask why hA3G is nonresponsive to SIVagm Vif and, similarly, why agmA3G is nonresponsive to HIV-1 Vif. In fact, this lack of response is due to the fact that HIV-1 Vif is unable to bind to agmA3G in vivo (4). This inability to interact was in turn mapped to a single amino acid difference between hA3G and agmA3G, an aspartic acid at position 128 in hA3G that is a lysine in agmA3G (4, 35, 49) . Switching these two charged residues reversed the observed specificity, i.e., agmA3G bearing an aspartic acid at residue 128 was fully responsive to HIV-1 Vif. Therefore, it appears that a single residue difference in hA3G versus agmA3G may play a role in blocking the zoonotic infection of humans by SIVagm.
One final difference between SIVmac and SIVagm on the one hand and HIV-1 on the other is that both SIVmac and SIVagm appear highly sensitive to inhibition by both hA3B and hA3C (69) . In the case of hA3C, sensitivity was seen only with Vif-deficient variants of SIVmac and SIVagm. However, as in the case of HIV-1, both wild-type and Vif-deficient SIVmac and SIVagm were inhibited by hA3B, with the degree of inhibition being significantly more complete than the moderate, 5-to 10-fold inhibition seen with HIV-1 (3, 11) .
Foamy viruses and other complex retroviruses. Retroviruses can be divided broadly into complex and simple variants (10) . Simple retroviruses encode the canonical Gag, Pol, and Env proteins and little or nothing else. Examples of simple retroviruses include murine leukemia virus (MLV), avian leukemia virus, and a range of other oncogenic animal retroviruses. Complex retroviruses encode not only Gag, Pol, and Env but also at least two other viral proteins, one of which is a transcriptional activator of the viral long terminal repeat (LTR) promoter. There are three distinct families of complex retroviruses, namely, the lentiviruses, the T-cell leukemia viruses, and the foamy viruses.
As discussed above, the lentiviruses HIV-1, HIV-2, and SIV encode a protein termed Vif that neutralizes the inhibitory 
activity of APOBEC3 proteins expressed in their normal target cells in their normal host species. Many nonprimate lentiviruses, such as feline immunodeficiency virus and visna-maedi virus, an ungulate lentivirus, also encode Vif proteins, but nothing is currently known about their function. One lentivirus, equine infectious anemia virus (EIAV), does not encode an obvious Vif homolog, and EIAV has been shown to be sensitive to inhibition by hA3G (34) . How EIAV avoids inhibition by the APOBEC3 gene product(s) that are presumably expressed by equine cells remains unknown. While HTLV-I can productively infect human lymphoid cells that express readily detectable levels of hA3G and hA3F, little is currently known about how HTLV-I avoids inhibition by these host proteins. However, it has been reported that HTLV-I is resistant to inhibition by levels of hA3G that block Vif-deficient HIV-1 infectivity (42). While no mechanism for this resistance has been proposed, HTLV-I does not encode an obvious Vif homolog and HTLV-I infection does not reduce hA3G protein expression.
The third complex retrovirus family consists of the foamy viruses. Foamy viruses infect almost all vertebrate species, including a wide range of nonhuman primates and apes, yet are only rarely detected in humans (28) . The few instances where human foamy virus infection could be demonstrated involved either animal handlers or African bush meat hunters, and no further transmission to human contacts has been documented.
Work characterizing the foamy virus replication cycle has generally focused on a proviral clone that is originally of chimpanzee origin, termed primate foamy virus (PFV) (28) . PFV encodes Gag, Pol, and Env proteins as well as Tas, a transcriptional transactivator of the PFV LTR promoter, and a fifth protein termed Bet. Bet is an ϳ53-kDa cytoplasmic protein that shows no evident sequence homology to HIV-1 Vif and does not contain an obvious SOCS box, the motif used by Vif to recruit an E3 ubiquitin ligase to hA3G and hA3F. Despite this lack of sequence similarity, Bet significantly enhances the infectivity of PFV or HIV-1 virions produced in the presence, but not the absence, of either hA3G or agmA3G (47) . This increased infectivity correlated with a marked reduction in the incorporation of either hA3G or agmA3G into progeny virion particles. While PFV Bet, like HIV-1 Vif, was able to interact specifically with hA3G and hA3F in coexpressing cells, PFV Bet differed from HIV-1 Vif in that it did not destabilize either protein.
Similar studies performed using a distantly related feline foamy virus (FFV) showed that inactivation of the FFV Bet gene resulted in both G-to-A hypermutation of FFV passed in primary cat cells and a dramatic reduction in FFV virion infectivity (31) . Moreover, FFV Bet bound the feline APOBEC3 protein in coexpressing cells and reduced the packaging of APOBEC3 into FFV virions. However, FFV Bet again had little or no effect on cellular APOBEC3 protein expression.
Together, these data demonstrate that foamy virus Bet proteins bind APOBEC3 proteins expressed in their normal target cells and reduce their incorporation into progeny viral particles. This prevents hypermutation of PFV and FFV proviruses during reverse transcription and enhances virion infectivity. However, Bet differs from Vif in that it does not induce the degradation of target APOBEC3 proteins but, rather, simply sequesters them away from progeny virions. One can therefore view the Bet proteins as a primitive ortholog of HIV-1 Vif. Presumably due to the fact that stoichiometric levels of Bet would be required to fully prevent inhibition of virion infectivity by host APOBEC proteins, Bet is expressed at extremely high levels in foamy virus infected cells (28) .
An interesting aspect of the life cycle of foamy viruses that distinguishes them from all other retroviruses is that foamy virus reverse transcription occurs in the producer cells so that mature foamy virus particles, unlike all other retroviral particles, actually contain a DNA genome (28) . This implies that editing of foamy virus reverse transcripts by APOBEC3 proteins must also occur in the virus producer cells rather than early after infection of new target cells, as seen with HIV-1.
Murine leukemia virus. Although the mouse genome contains only one APOBEC3 gene, this gene is widely expressed in mouse tissues (12, 41) and it is therefore of interest to ask how MLV avoids inhibition by this antiretroviral defense factor. Importantly, murine APOBEC3 (mA3) is a potent inhibitor of both wild-type and Vif-deficient HIV-1 when expressed in human cells (3, 67) . While mA3 fails to interact with HIV-1 Vif, thus explaining its lack of response to Vif, it is efficiently packaged into HIV-1 virions and induces hypermutation of HIV-1 proviruses during reverse transcription (3, 12, 36, 67) .
Analyses of the effects of the various human APOBEC3 proteins and mA3 on the infectivity of MLV showed that MLV was essentially unaffected by levels of mA3 that almost entirely blocked HIV-1 infectivity (3, 12, 25) . In contrast, MLV was as sensitive as Vif-deficient HIV-1 to hA3G (3, 12, 18, 25, 34) . MLV was also moderately inhibited by hA3B, although it proved to be resistant to hA3F, hA3C, and hA3A (3, 12 ). An analysis of MLV virions produced in the presence of these APOBEC3 proteins showed that MLV packaged both hA3G and hA3B but did not incorporate either hA3F or, more importantly, the cognate mA3 protein which, it will be recalled, is effectively incorporated into HIV-1 virions (12, 25, 36, 67) . As discussed in more detail below, this packaging correlated with the ability of these APOBEC3 proteins to bind specifically the MLV Gag protein in vitro. Thus, hA3G and hA3B both bind MLV Gag and are incorporated into MLV virions, while mA3 and hA3F fail to bind to MLV Gag and are not packaged into progeny virion particles (12) . It therefore appears that MLV is able to replicate normally in cells expressing mA3 because MLV Gag has been evolutionarily selected to be resistant to mA3 binding. In contrast, MLV Gag has not evolved the ability to avoid binding by hA3G, and MLV remains fully sensitive to this heterologous resistance factor. It remains to be established whether the many other simple retroviruses that infect mammals also use this mechanism to avoid inhibition by their normal host's APOBEC3 protein(s).
Hepatitis B virus. Although hepatitis B virus (HBV) is not a retrovirus, it does share with retroviruses several key steps in its replication cycle. Most importantly, HBV virions initially package an RNA that is then reverse transcribed, in the virion producer cells, to generate a largely double-stranded DNA genome. In the latter regard, HBV is therefore similar to foamy viruses but differs from all other retroviruses (28) . HBV does differ from all retroviruses in that this viral DNA is not integrated into the genome of target cells but, rather, persists as a circular episome.
Evidence that hA3G can inhibit HBV replication was first (63), who showed potent inhibition of HBV replication in hA3G-expressing cells and also demonstrated a specific interaction between the HBV core antigen and hA3G. However, these workers saw little evidence of HBV DNA editing and found that mutations of the hA3G CDAs that blocked the ability of hA3G to inhibit HIV-1 infectivity had no effect on inhibition of HBV infectivity. Similarly, Rosler et al. (46) showed that both hA3G and hA3F could interfere with the production of replication-competent HBV nucleocapsids, apparently by interfering with some step in HBV virion morphogenesis, but did not induce editing of HBV DNA. Contrary data have been reported by Suspène et al. (60), who reported that hA3G, hA3F, hA3B, and hA3C were all selectively incorporated into HBV capsids, where they edited HBV DNA. However, because the latter report (60) used a novel PCR technique designed to selectively amplify DNA containing G-to-A mutations, it is not clear how frequently hypermutation of HBV reverse transcripts actually occurred. While this controversy remains to be resolved, it is clear that HBV variants that are G-to-A hypermutated can be recovered from HBV-infected patients, albeit at low frequency (60) . As hA3G and hA3F are expressed in the human liver (27, 67) , it remains unclear at present how HBV is able to replicate effectively in this tissue.
APOBEC3 PROTEINS, ENDOGENOUS RETROVIRUSES, AND RETROTRANSPOSONS
All vertebrate genomes contain large numbers of endogenous retroviruses and retrotransposons (23) . Endogenous retroviruses derive from exogenous retroviruses that infected germ cells over millions of years of evolution. The human genome contains ϳ230,000 endogenous retroviruses, and the large majority of these appear to be defective. Nevertheless, many endogenous retroviruses are actively transcribed, particularly in dividing cells (52) , and several endogenous retroviruses retain open reading frames that can give rise to proteins and even to viral particles.
Retrotransposons can be divided into two families, depending on whether they contain an LTR (23) . LTR retrotransposons are closely related to retroviruses and undergo a similar life cycle. However, LTR retrotransposons encode only Gag and Pol, and the virus-like particles (VLPs) produced by LTR retrotransposons are assembled in the cell cytoplasm and undergo reverse transcription in the same cell before being transported to the nucleus for "proviral" integration (23) . While the human genome contains only a limited number of LTR retrotransposons, several families exist in mice, including the intracisternal A particle (IAP) and MusD families, which are found at ϳ1,000 and ϳ100 copies per murine genome, respectively. Interestingly, while MusD lacks any evidence of an env gene, the IAP family retains a highly defective env sequence (40) , thus suggesting that IAPs, despite being able to function as LTR retrotransposons, actually originated as endogenous retroviruses. LTR retrotransposons are also found in many other vertebrate and nonvertebrate species, including yeast, which encodes several different LTR retrotransposons, including the Ty1 family (23) .
Almost all eukaryotic genomes also contain non-LTR retrotransposons. The most prevalent non-LTR retrotransposon in humans is the long interspersed element 1 (LINE-1) family, which comprises nearly 17% of the human genome (23) . While almost all LINE-1 retrotransposons are defective, up to 100 or so remain retrotransposition competent and can therefore cause genetic lesions. Of note, LINE-1 nucleoprotein particles differ from both retroviral virions and LTR retrotransposon VLPs in that reverse transcription occurs in the nucleus.
The close similarity of exogenous retroviruses and endogenous LTR retrotransposons suggested that APOBEC3 proteins might also be able to block these retrotransposition events. In fact, both hA3G and, to a lesser extent, mA3 have been shown to inhibit retrotransposition of the IAP and MusD family of retrotransposons (14) . The observed inhibition was ϳ5-fold in the case of IAP and up to 20-fold in the case of MusD. Moreover, this inhibition was associated with G-to-A hypermutation of LTR-retrotransposon DNA. An analysis of endogenous LTR-retrotransposon sequences in mice suggested that hypermutation had also occurred in vivo and likely contributed to making the majority of IAP and MusD retrotransposons defective (14) .
While APOBEC3 proteins are found only in mammalian species, it is of interest to ask whether they could also function in a nonmammalian context, not least because a positive result would imply that APOBEC3 protein function either did not require a specific cofactor or that this cofactor was highly conserved. To this end, two groups asked whether human APOBEC3 proteins can inhibit retrotransposition by Ty1 retrotransposons in yeast (13, 51) . In fact, both hA3G and hA3F can effectively block Ty1 retrotransposition in yeast cells, and this inhibition again correlated with G-to-A hypermutation of Ty1 DNA. Moreover, the Ty1 Gag protein was found to interact specifically with hA3G, and hA3G was selectively packaged into Ty1 virus-like particles (13) . Interestingly, this inhibition was not rescued by expression of HIV-1 Vif, which implies that Vif, unlike hA3G, does require a host cell cofactor for its function. Most probably, this Vif cofactor is a component of the E3 ubiquitin ligase that is recruited by Vif in human cells to induce hA3G degradation.
So far, it has not been possible to address the question of whether APOBEC3 proteins have any effect on human endogenous retroviruses, as these are generally defective. While hA3G has been shown to have no effect on LINE-1 retrotransposition (64) , it remains to be determined whether LINE-1 is also unaffected by other human APOBEC3 proteins.
SPECIFIC PACKAGING OF APOBEC3 PROTEINS INTO RETROVIRAL PARTICLES
A key aspect of the mechanism of action of hA3G and the other APOBEC3 proteins is their specific incorporation into retroviral virions, as well as HBV virions and LTR-retrotransposon VLPs. Only after incorporation can the APOBEC3 proteins interfere with virion or VLP function, by inducing deamination of dC residues present on reverse transcripts and/or by interfering with aspects of virion or VLP morphogenesis. The APOBEC3 proteins, and hA3G in particular, inhibit a wide range of retroviruses and LTR retrotransposons, so it is important to understand how the APOBEC3 proteins are able to target all of these disparate viruses or genomic parasites, i.e., to understand what defines the PAMP shared by these viruses and virus-like elements that is recognized by the APOBEC3 protein family.
This question has been partly addressed by work analyzing the packaging of hA3G into HIV-1 virions. This research demonstrated that hA3G binds to the nucleocapsid (NC) domain of the Gag polyprotein during virion assembly (1, 6, 24, 32, 48, 73) . As a result, HIV-1 Gag derivatives lacking NC, which can still assemble into VLPs, fail to package hA3G (48, 73) . Interestingly, the Gag-hA3G interaction is dependent on the presence of RNA (24, 48, 61, 73) . While viral RNA may be ideal, nonspecific cellular RNA seems almost as effective at mediating the Gag-hA3G interaction. Of note, a key role of the NC domain of Gag is to recruit the viral RNA genome into virion particles, and NC displays both specific and nonspecific RNA binding properties (2) . Similarly, hA3G has also been shown to bind RNA nonspecifically (70) . Based on these considerations, one can propose three models to explain the role of RNA in mediating the Gag-hA3G interaction (Fig. 2) . In model I, both proteins bind to a single RNA molecule either specifically or nonspecifically and do not, in fact, interact with each other specifically. In model II, one of the proteins binds RNA, resulting in a conformational shift that triggers a specific GaghA3G interaction. In model III, Gag, hA3G and RNA form a ternary complex in which all three components bind to each other (Fig. 2) .
Analysis of hA3G packaging into MLV virion particles allows model I to be dismissed. Specifically, as noted above, both hA3G and mA3 are packaged into HIV-1 virions, while only hA3G is packaged into MLV virions (12) . An analysis of Gag binding shows that HIV-1 Gag binds both hA3G and mA3, while MLV Gag binds only to hA3G in vitro, again in an RNA-dependent manner. This result explains the virus tropism of mA3 but, more importantly in this context, also demonstrates that the Gag-APOBEC3 interaction is not simply bridged by RNA, as proposed in model I, but must instead involve both protein-RNA interactions and a specific proteinprotein interaction, as proposed in models II and III. If model I were indeed correct, then all Gag proteins would be able to bind all APOBEC3 proteins equally well, which is not observed.
Additional work focusing on APOBEC3 protein packaging into retroviral virions or VLPs has shown that hA3B also interacts with the NC domain of HIV-1 and that this interaction is RNA dependent (11) . Moreover, hA3G has been shown to also interact specifically with the Gag proteins expressed by PFV and, in an RNA-dependent fashion, by the Ty1 retrotransposon (13, 47) . This result is striking, as PFV and Ty1 differ from HIV-1 and MLV in terms of the structure of the Gag protein motif used for genomic RNA binding. In both HIV-1 and MLV, the NC domain of Gag contains "CCHC" zinc finger motifs that mediate genomic RNA recognition and packaging (2) . In contrast, both PFV and Ty1 Gag contain carboxy-terminal basic domains, rich in arginine and glycine residues, that mediate genomic RNA binding and incorporation (9, 58) . While the NC domains of HIV-1 and MLV Gag are also quite basic, this result nevertheless implies that the mechanisms used by these different retroelements to package their RNA genome are likely to be at least partly distinct. Presumably, there are nevertheless aspects of the process that are conserved and that somehow form the PAMP recognized by hA3G and other APOBEC3 proteins. That this PAMP is not totally invariant is shown by the fact that mA3 is no longer able to bind MLV Gag and package into MLV virion particles (12) . On the other hand, the fact that HIV-1 and PFV have dealt with the APOBEC3-mediated inhibition of viral infectivity by evolving the viral Vif and Bet proteins, respectively (8, 22, 31, 37, 47, 54, 59) , rather than by modifying the process of virion assembly and RNA genome incorporation, suggests that this virion assembly associated retroviral PAMP is difficult to change without interfering with this key step in the viral life cycle.
Every retroviral Gag protein examined so far, as well as the distantly related Gag-like proteins encoded by Ty1 and the HBV core antigen, has been found to interact specifically with hA3G in vitro and/or by coimmunoprecipitation. It therefore seems likely that a wide range of other Gag proteins, including the frequently defective Gag proteins encoded by endogenous retroviruses, will be able to interact with hA3G. In fact, an analysis of hA3G expressed in dividing cells shows that it forms large (Ͼ700-kDa) protein complexes that fall apart when treated with RNase, a characteristic shared with Gag-hA3G complexes (7, 32) . Consistent with the idea that these represent endogenous Gag-hA3G complexes, hA3G migrates at its predicted ϳ40-kDa molecular mass on sucrose gradients when expressed in yeast cells that do not express Ty1 Gag but moves into a large protein complex when Ty1 Gag is coexpressed (13) .
While the above hypothesis would appear to provide a reasonable explanation for the fact that hA3G forms part of a FIG. 2. Potential models to explain the critical role of RNA in mediating the formation of Gag-hA3G complexes. In model II, which suggests that RNA binds to either Gag or hA3G and induces a conformational shift that permits complex formation, the identity of the protein undergoing the conformational shift is left open, i.e., A could be either hA3G or Gag. RNA is shown as a wavy line for simplicity, and RNA binding could be either specific or nonspecific. See text for detailed discussion. large, ribonucleoprotein complex in dividing cells, it has also been proposed that this complex might contain nonviral host proteins that sequester hA3G in an enzymatically inactive form that perhaps serves to prevent hA3G from introducing random mutations into the cellular genome (7) . Of interest is the fact that, in resting CD4 ϩ T cells, the majority of hA3G is not in the high-molecular-mass form, and it has been suggested that it is the low-molecular-mass form of hA3G that renders resting T-cells refractory to infection by HIV-1 (7). On the other hand, it is likely that resting T-cells, which are largely transcriptionally quiescent, do not express the levels of endogenous retrovirus Gag that are found in dividing cells (52) . In this context, it is interesting that AID, another human cytidine deaminase, is found in a ribonucleoprotein complex that renders it enzymatically inactive and shows in vitro enzymatic activity only after RNase treatment (5) . The issue of whether hA3G is also incorporated into specific ribonucleoprotein complexes that serve to sequester hA3G enzymatic activity or into Gag-containing complexes that result from endogenous retrovirus expression remains to be clarified, although these two proposals are not, in fact, mutually exclusive. It is important to remember that the hA3G expressed in dividing cells is effectively incorporated in newly formed retroviral particles, so either the hA3G protein is released from the large ribonucleoprotein complexes present in these cells or only newly synthesized hA3G is involved.
IMPLICATIONS FOR HIV-1 PATHOGENESIS AND TREATMENT
Wild-type HIV-1 is clearly resistant to inhibition by all human APOBEC3 proteins except hA3B, which does not appear to be expressed in the human tissues normally infected by HIV-1. It is, however, possible that the inhibition of hA3G and/or hA3F function by HIV-1 Vif may not always be complete, especially in cells that express unusually high levels of these proteins. Moreover, HIV-1 undergoes rapid sequence evolution in infected patients, presumably due largely to the error-prone viral reverse transcriptase but also potentially due to editing by hA3G and/or hA3F. If the vif gene were to be fully or partially inactivated due to mutation, then one might predict that hypermutated HIV-1 proviruses would arise.
Evidence in favor of both of these hypotheses exists. Modest overexpression of hA3G in cultured cells can inhibit the replication of wild-type HIV-1, and this correlates with the appearance of a low level of G-to-A changes in the resultant HIV-1 proviruses (36) . Moreover, recent evidence suggests that individuals who express high levels of hA3G mRNA tend to have low levels of HIV-1 viremia after infection, and vice versa (21) . If correct, these data would imply that even a modest inhibition of Vif function, either by interfering with binding to hA3G and/or hA3F or by blocking recruitment of the Cullin5-ElonginB-ElonginC E3 ubiquitin ligase, might significantly reduce HIV-1 virus loads in vivo. Moreover, if Vif were to be even slightly inhibited, one would predict that the rapidly replicating HIV-1 would begin to accumulate mutations that could eventually lead to a viral error catastrophe. On the other hand, a very low level of editing by hA3G or hA3F could also facilitate HIV-1 replication in vivo by promoting the appearance of mutants that are resistant to antiretroviral drugs.
The second hypothesis, that G-to-A hypermutated HIV-1 proviruses would be likely to appear over time in infected patients, has clearly been confirmed by several investigators (15, 19) . Moreover, the G-to-A mutations that occur are almost all in the sequence contexts G‫ء‬A and G‫ء‬G (the complement of TC‫ء‬ and CC‫,)ء‬ which is to say in the sequence contexts favored by hA3F and hA3G, respectively, for dC-to-dU editing (3, 11, 18, 27, 67) . This result strongly suggests that hA3G and hA3F can indeed edit HIV-1 proviruses in vivo (27, 57) .
A recent analysis of vif alleles present in HIV-1 infected patients, several of whom were long-term nonprogressors, suggests that partially or fully defective vif genes may be surprisingly prevalent, with 15 out of the 79 vif genes recovered being at least partially defective (57) . Of interest, some vif alleles were able to block hA3G but not hA3F function, and vice versa. Consistent with the observed prevalence of attenuated viral vif genes, these authors recovered a number of hypermutated HIV-1 proviral sequences from their patient populations (57) . Most strikingly, hypermutated proviruses recovered from patients infected with HIV-1 variants whose vif gene products were able to block specifically only hA3G or only hA3F function showed the hypermutation pattern predicted if only the nontargeted APOBEC3 protein remained active, i.e., patients who were infected by viruses able to block hA3G but not hA3F function showed selective hypermutation at G‫ء‬A but not at G‫ء‬G.
A FEW OPEN QUESTIONS
While there has been remarkable progress in understanding the mechanism of action of the APOBEC3 proteins on the one hand and of viral countermeasures, such as HIV-1 Vif, on the other, there are still a number of key issues that remain unresolved. A partial listing of these open questions follows.
(i) Why does hA3G incorporation into virions result in destabilization of reverse transcripts in subsequently infected cells (56, 65) ? Is this indeed a result of the action of cellular DNA repair enzymes that seek to remove dU residues from the proviral DNA prior to formation of the second DNA strand (50)? If so, which cellular enzymes are involved?
(ii) Work analyzing the effect of hA3G on HBV replication has suggested that hA3G can inhibit HBV without inducing editing (46, 63) . Moreover, one report has claimed that hA3G derivatives that lack a functional CDA can still inhibit HIV-1 infectivity (43) . Finally, it has also been suggested that hA3G expressed in resting T cells blocks the infectivity of incoming HIV-1 virions without inducing editing (7) . Can hA3G, and the other APOBEC3 proteins, indeed inhibit retroviruses independently of their editing function and, if so, by what mechanism?
(iii) What are the precise features of virion morphogenesis and RNA genome incorporation that cause the specific incorporation of hA3G and other APOBEC3 proteins into progeny retroviral and HBV virion particles and retrotransposon VLPs?
(iv) What molecular contacts mediate formation of the hA3G-Vif E3 ubiquitin ligase complex? Can this structure be resolved using X-ray crystallography and, if so, does this struc-ture suggest potential small molecule inhibitors of complex formation?
(v) What process has driven the rapid evolution of the primate APOBEC3 protein family (20, 47a, 75) ? Although APO BEC3 proteins are invariably ineffective against retroviruses that normally infect a given species, they appear to be effective against most heterologous retroviruses. Is this sufficient to select for APOBEC3 function, or are the APOBEC3 proteins important primarily due to their ability to inhibit retrotransposon function and hence prevent the gradual accumulation of genetic mutations (47a)? While the recent report of a knockout mouse strain lacking the single mA3 gene (41) may permit these issues to be addressed, preliminary observation suggests that these mA3-deficient mice are phenotypically normal.
The final and most important question is whether the basic research described in this review will facilitate the identification of drugs that can selectively inhibit HIV-1 Vif function and thereby lead to a clear improvement in the prognosis of HIV-1-infected individuals. Only time will tell if this goal can be achieved.
